The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. PHYSICAL REVIEW B 85, 214408 (2012) Competition between cotunneling, Kondo effect, and direct tunneling in discontinuous high-anisotropy magnetic tunnel junctions The transition between Kondo and Coulomb blockade effects in discontinuous double magnetic tunnel junctions is explored as a function of the size of the CoPt magnetic clusters embedded between AlO x tunnel barriers. A gradual competition between cotunneling enhancement of the tunneling magnetoresistance (TMR) and the TMR suppression due to the Kondo effect has been found in these junctions, with both effects having been found to coexist even in the same sample. It is possible to tune between these two states with temperature (at a temperature far below the cluster blocking temperature). In addition, when further decreasing the size of the CoPt clusters, another gradual transition between the Kondo effect and direct tunneling between the electrodes takes place. This second transition shows that the spin-flip processes found in junctions with impurities in the barrier are in fact due to the Kondo effect. A simple theoretical model able to account for these experimental results is proposed.
The transition between Kondo and Coulomb blockade effects in discontinuous double magnetic tunnel junctions is explored as a function of the size of the CoPt magnetic clusters embedded between AlO x tunnel barriers. A gradual competition between cotunneling enhancement of the tunneling magnetoresistance (TMR) and the TMR suppression due to the Kondo effect has been found in these junctions, with both effects having been found to coexist even in the same sample. It is possible to tune between these two states with temperature (at a temperature far below the cluster blocking temperature). In addition, when further decreasing the size of the CoPt clusters, another gradual transition between the Kondo effect and direct tunneling between the electrodes takes place. This second transition shows that the spin-flip processes found in junctions with impurities in the barrier are in fact due to the Kondo effect. A simple theoretical model able to account for these experimental results is proposed. 
I. INTRODUCTION
Conventional spintronic devices make use of currents comprising a large number of spin-polarized carriers, 1 in which the quantum properties of the electron are averaged away. The development of single-electron spintronic devices addresses this issue. 2, 3 The Coulomb blockade (CB) effect reveals the quantization of charge, while phenomena such as the Kondo effect rely on the quantum nature of spin. One experimental approach has been the use of double magnetic tunnel junctions (DMTJs) with metallic clusters between two barriers. Electrically isolated conductive clusters have a charging energy E c . Transport is suppressed (CB effect) when the applied bias eV E c and the thermal energy k B T E c . In DMTJs, the interplay between spin-dependent tunneling processes and CB gives rise to experimentally observed phenomena such as spin accumulation, 4 cotunneling enhancement of the tunnel magnetoresistance (TMR), [5] [6] [7] TMR oscillation with bias, 8 enhanced spin lifetimes, 9 Kondo physics, 10 the generation of electromotive forces, 11 and anisotropic magneto-Coulomb effects. 12 The suppression of conductance by the CB is not perfect, however. It is still possible that cotunneling of two electrons in and out of the cluster can take place simultaneously. 13 An enhancement of the TMR can then take place due to this coherence. 14 However, some limitations arise through Kondolike physics when using magnetic clusters. 15 While a cotunneling conduction regime can give rise to an enhancement of the TMR, the Kondo effect can suppress TMR by enhancing the antiparallel conductance of the junction. 3 The coexistence of Kondo and ferromagnetic phases in DMTJs has clearly been shown recently. 16 The transition from Kondo to cotunneling has been supposed to be correlated with the suppression of the fluctuations of the magnetic moment in the clusters. 10 Studying the transition between both regimes is important to determine the limitations of future single-electron spintronic devices on the one hand, and to clarify the physical foundations of the coexistence of ferromagnetism and the Kondo effect on the other.
Here we use DMTJs with CoPt nanoclusters embedded within the barrier to show the existence of a competition between cotunneling and Kondo effects on TMR, instead of the sharp crossover as previously reported in Ref. 10 . Due to the enhanced magnetic anisotropy in CoPt, the coexistence of both effects has been found even in the same sample, with a gradual transition between the two as a function of the temperature. As the transition occurs far below the blocking temperature, this clearly points out that the transition between Kondo and cotunneling is not directly related to the suppression of the fluctuations of the magnetic moments, as previously thought. 10 When further reducing the size of the clusters, a gradual transition between the Kondo effect and direct tunneling between the magnetic electrodes is found.
II. EXPERIMENTAL RESULTS

A. Growth and characterization of the Co 75 Pt 25 nanoclusters
Three different types of structure have been grown by sputtering onto thermally oxidized Si wafer substrates: one to determine the shape of the clusters by scanning tunneling microscopy (STM), another to characterize the magnetism and oxidation state of the clusters by superconducting quantum interference device (SQUID) magnetometry and soft-xray absorption spectroscopy (SXAS) and magnetic circular dichroism (SXMCD), and the third structure is the DMTJs themselves. The clusters of CoPt were obtained by depositing nominal layer thicknesses <2 nm onto the first of two amorphous alumina (AlO x ) tunnel barriers. Due to the surface energy mismatch, CoPt aggregates into nanoscale clusters. For each structure, a set of different thicknesses (t) of Co 75 Pt 25 was deposited. First, by using a shadow shutter, a Co 75 Pt 25 layer was grown in a wedge shape whose thickness spans t = 0-1.1 nm across the sample. Additionally, another four different samples were grown as references, with t being 0, 0.5, 0.8, and 1.1 nm. The deposition was done by rf-assisted sputtering in an Ar atmosphere of 0.6 mTorr, with a base pressure of 2.0 × 10 −8 Torr, and with a 100 Oe magnetic field applied in the sample plane. AlO x barriers were obtained by glow-discharge oxidizing an Al layer as described in Ref. 17 .
For STM measurements, the structure was Ru(10)/AlO x (1)/Co 75 Pt 25 (t), with thicknesses in nm. STM measurements allow us to estimate the volume of the clusters. As found in previous work, 10, 18 the clusters have a "pancake" form. In our samples, these "pancakes" have an elongated shape that tends to become more rounded when increasing t, as shown in Fig. 1(a) . Cluster volumes V were estimated in a naive way by directly multiplying the average length, width, and height. These parameters were determined by fitting log-normal distributions to the histograms of the clusters sizes, as shown in the inset of Fig. 1(b) . The change of the average volume V of the clusters varies with t, as shown in Fig. 1(b) . A least-squares linear fit (LSL) of these data gives a correlation coefficient R 2 = 0.995. Similar sizes have been reported for Co grown onto AlO x , where a linear relationship between V and t was also found. 19 For SXAS and SXMCD measurements, the structure grown was Ru(10)/AlO x (1)/Co 75 Pt 25 (t)/ AlO x (1)/Ta(1). These samples were grown at the same time as those for STM measurements, using a shadow shutter to avoid the last two layers for the STM set. The measurements were carried out at the U4B beamline 20 using methods described in previous work. 21, 22 For SXAS the beamline was set up to provide linearly polarized light with an energy resolution ∼0.5 eV at the Co L 3 edge (∼778 eV). For SXMCD measurements, the beam was 90% circularly polarized with a resolution of ∼1 eV at that energy. Data were collected in total electron yield mode and normalized to the incident beam intensity using a Au grid monitor. The x-ray beam was swept along the wedge in t (from t = 0 to 1.1 nm over a distance ∼23 mm), measuring both XAS and XMCD at different positions. The beam was shaped to reduce as much as possible the spread in t in each measurement (∼2 mm in the wedge direction). The data taken from the samples with fixed CoPt thickness and those slices of the wedge with the same average CoPt thickness correspond very closely. No oxidation features such as those previously reported 22 where found in the Co SXAS spectra (data not shown). The average magnetic moment per Co atom at 77 K, determined from SXMCD, is given in the inset of Fig. 2 , which appears to collapse when t 0.4 nm.
Subsequently, the wedge was diced into ∼2 mm broad slices along the wedge direction for SQUID magnetometry. For each slice, and for the samples with fixed CoPt thickness, field-cooled (FC) and zero-field-cooled (ZFC) measurements were performed according to the protocol prescribed by Hansen and Mørup. 23 Prior to measurement, the sample was cooled from room temperature to 1.5 K in zero field. The ZFC measurements were then acquired while warming the sample in a field of 50 Oe. The sample was then cooled again in this 50 Oe field while the FC measurements were taken. The blocking temperature T B was determined from the maximum value of the magnetic moment in the ZFC curve just before it joins the FC curve, corresponding to T B for the largest clusters in the sample. Figure 2 shows that T B ∝ t (LSL also gives R 2 = 0.995). The SQUID data explain the drop in magnetic moment below t ∼ 0.4 nm in the SXMCD data: it is associated with the transition to the superparamagnetic state as T B becomes smaller than the 77 K liquid nitrogen SXMCD measurement temperature.
Taking the t = 1.1 nm clusters as an example, which have a volume V of 29 nm 3 and T B ≈ 180 K, we apply the classical relation K ≈ 25k B T B / V = 1600 kJ/m 3 to obtain the magnetic anisotropy of the clusters K. The 25 factor is related to the time scale of the measurement being appropriate for SQUID, SXMCD, and transport data. This will be an overestimate as our T B will correspond to clusters larger than V , but gives a useful estimate that lies within the broad span of values of the magnetic anisotropy of CoPt that can be found in the literature. As expected, it is somewhat less than for the equiatomic L1 0 -ordered phase, 24 where K ∼ 4900 kJ/m 3 . We also compare our T B (t) data to those for CoFe clusters obtained by Yang et al. in Fig. 2 .
10 Some important differences For t = 1.1 nm there is an enhancement of R (a) and TMR [(b) and c)] due to co-tunneling; for t = 0.7 nm, R is also enhanced (d) and we see TMR enhancement or suppression depending on T [(e) and (f)]. Offsets have been added for clarity in (e). Resistances at 2.5 K for t = 0, 0.2 and 0.3 nm are shown in (g). For t = 0.3 nm, (h) a strong Kondo TMR suppression is observed at T = 2.5 K (dynamic conductance measurements are shown in the inset); for t = 0 and 0.2 nm (i) we observe a TMR reduction due to spin scattering at 2.5 K.
can be found between both alloys. T B in CoPt clusters is closely proportional to t, whereas there is some weak curvature to the CoFe data. The linear relationship between V and t ( Fig. 1 ) is close to a proportionality, indicating that all the clusters, no matter what their size, have roughly the same anisotropy, suggesting surface anisotropy effects are comparatively weak compared to bulk ones.
B. Magnetotransport measurements
The complete structure of our DMTJs was Ta (5) (12) /Ta(5)/Ru(6), comprising two CoFe outer electrodes with a layer of CoPt nanoclusters in between two alumina barriers. Both CoFe electrodes are pinned, with each part of a synthetic antiferromagnet, designed to reduce any effect of stray fields. DMTJ mesas were defined by photolithography and plasma etching, 17 of area 120 μm × 40 μm. Magnetotransport measurements were performed using a standard four-probe ac measurement technique in a gas-flow He cryostat able to achieve an 8 T magnetic field. In order to check the quality of our barriers, the low T current-voltage I -V characteristic of junctions without any CoPt layer (t = 0) was fitted to Simmons' model 25 by a least-squares method. Simmons' intermediate voltage equations match our data excellently for a barrier thickness of 1.9 nm and a height of 1.8 eV, very reasonable values for a nominally 2-nm-thick AlO x barrier.
Meanwhile, DMTJs with a t = 1.1 nm CoPt layer showed CB features typical of those previously found in similar structures. 5, 6, 10, 18, 26 The main fingerprint of the CB effect is a strong enhancement of the dependence of the conductance with bias V at low T , as shown in Fig. 3(a) . In addition, we also observed an increase of the TMR at low bias (V 5 mV) and temperature (T which is consistent with the DMTJ entering the cotunneling transport regime. 5, 6, 10 We define TMR as the fractional change in resistance between −0.1 and 8 T.
If the thickness of the CoPt layer is reduced to t = 0.7 nm, we still find the enhancement of the resistance R and TMR at similarly low bias and temperature, as shown in Figs. 3(d)-3(f) . However, a novel effect is observed: when T is lowered below about 8 K, the low bias cotunneling peak in the TMR starts to drop and is completely suppressed at 2.5 K. Clearly another effect is competing with the cotunneling enhancement to reduce the TMR, something that the Kondo effect is known to do. 10, 15 The Kondo effect flips the spins of the electrons passing through the clusters, effectively reducing the polarization of this current and thus reducing the TMR.
When t is reduced further, to 0.3 nm, the enhancement of the resistance at low bias and temperature disappears, as shown in Fig. 3(g) . Figure 3(h) shows that the TMR is suppressed to zero at low bias (V 20 mV), further evidence for the Kondo effect. Furthermore, when the dynamic conductance dI/dV of this sample is measured at helium temperature [inset to Fig. 3(h) ], a weak asymmetric peak is seen at low bias, at a field of −1000 Oe after the application of +3000 Oe. The peak was not present in a prior measurement at zero field. Such a peak is associated with a Kondo resonance on the nanoclusters 27 and can only survive when the outer electrodes are antiparallel, 15 as here. It is comparable in amplitude to that seen by Yang et al., 10, 28 but rather narrower: its width V of a few mV implies a lower Kondo temperature T K = e V /k B ≈ 20 K. 27 The appearance of the Kondo resonance is only expected in the presence of large magnetic moments in the clusters if there is a high magnetic anisotropy, 29, 30 as we have here in our CoPt dots.
Interestingly, if the CoPt layer thickness is further reduced, the resistance - Fig. 3 (g)-and TMR are recovered. Figure 3(i) shows the TMR for a DMTJ with t = 0.2 nm and for a tunnel junction without CoPt clusters (t = 0 nm). This is consistent with some previous experiments dealing with impurities in the barrier. 31, 32 It is noteworthy that the spin-flip process is observed for CoPt clusters that still are thermally stable ferromagnets (see Fig. 2 ). The experimental data imply that the tunnel conductance in DMTJs with clusters within this range of sizes can be understood as the addition of two competing terms: direct tunneling and tunneling through the clusters showing the Kondo effect.
In order to clearly show how the discussed transitions gradually compete as a function of the size of the clusters, Figs. 4(a) and 4(b) show the TMR versus bias just at 2.5 K for the different junctions. In Fig. 4(a) , it can be seen how the TMR is reduced when reducing the nominal thickness of the CoPt layer from 1.1 to 0.3 nm. Previously, we have discussed how the low TMR peak at low bias for the junctions with t = 0.7 nm evolves with temperature showing the transition from cotunneling enhancement to Kondo suppression of the TMR. This figure also helps to clarify why for t = 0.7 nm the TMR does not increase with increasing bias voltage as the junctions with t = 0.3 nm do. Even at 2.5 K, where the low temperature and bias peak have disappeared, the t = 0.7 nm junctions are showing a mixed behavior between Kondo and cotunneling. Figure 4(b) shows how the TMR is recovered when the nominal thickness is reduced below t = 0.3 nm.
The transition between Kondo and cotunneling with T in the t = 0.7 nm junctions is also clearly shown in Fig. 4(c) . In this figure, the change of the amplitude of the TMR peak defined as TMR (V = 0) − TMR (V = 10 mV) is plotted versus temperature. Two different behaviors are clearly found that gradually compete.
III. THEORETICAL MODEL
A. Conductivity
The experimental data suggest that the tunnel conductivity σ in the CoPt junctions can be understood as the addition of three main terms:
with a + b = 1. Here, σ D is the direct tunneling conductivity between the outer electrodes, σ E is the elastic conductivity through the clusters without spin flips, and σ K is the conductivity through the clusters showing the Kondo effect. The contribution of each term depends on the fractional populations of clusters, which is taken into account through the parameters a and b, and on the voltage and the temperature through σ D , σ E , and σ K . For very thin layers, a > b since there are few clusters within the barrier and most of the electrons must directly tunnel. When the thickness of the intermediate CoPt layer is increased, b must also increase while a decreases since there are more opened channels within the barrier due to the higher number of clusters. In the CoPt junctions studied here, for t → 0 nm, aσ D dominates; for t ∼ 3 nm and T = 2 K, bσ K does. For thicker CoPt layers, bσ E rapidly increases. The TMR depends on which is the main contribution to σ . For example, if σ K is the main term, the Kondo effect dominates the overall behavior and the TMR is reduced. On the other hand, if σ E is predominant, the TMR is enhanced at low temperature due to cotunneling. For higher temperature, σ E will still be dominating, and so there is no enhancement of the TMR since the elastic tunneling is in the sequential regime (without CB effects). The transitions are gradual and depend on the temperature and the size of the clusters.
The model is similar to those previously suggested for explaining the TMR behavior in junctions with impurities in the barrier.
31-33 Jansen and Moodera consider three different conduction paths: direct, through nonmagnetic impurities, and through magnetic impurities. 31, 33 In particular, the conductance with spin-exchange scattering is taken from the Appelbaum 34, 35 and Anderson 36 models, a perturbation theory of the conductance originally developed to explain the zero bias anomalies in DMTJs due to the contribution to the tunneling current of localized states within the barrier, which is also called the Kondo effect. 6, [34] [35] [36] Remarkably, the spin-flip process is found in CoPt discontinuous layers that still are thermally stable ferromagnets, which suggests that the spinflip processes found in dusted DMTJs are in fact Kondo-based.
We will now evaluate the different conductivity terms in Eq. (1) in order to study the gradual transition between cotunneling enhancement and Kondo suppression of the TMR. Our aim here is not to provide a quantitative fit to the data, but rather to put forward a simplified picture that captures the essential physics of the situation. In particular, we will check if the simple theoretical model suggested can explain the coexistence of cotunneling and the Kondo effect in the same junction, with the gradual transition between both effects tuned by T , as we have experimentally found for the CoPt junctions with t = 0.7 nm. Let us assume for simplicity that there is no dispersion of the distribution of the size of the clusters. We must remark that the dispersion of the size of the CoPt clusters we experimentally find [see the inset in Fig. 1(b) ] is similar to the dispersion of the sizes found by Yang et al. 10 but the transitions found in our work are gradual instead of sharp crossovers.
For σ D , the classical formula given by Simmons could be considered. 25 However, for studying this transition, we will consider that the direct tunneling is negligible: a = 0 and b = 1. In that case: σ = σ E + σ K .
According to Goldhaber-Gordon et al., 37 for a broad range of temperatures and in particular for temperatures close to T K ,
where
In the Kondo regime, S ≈ 0.2. The parameter σ 0 varies with the cluster occupancy. For symmetric barriers, σ 0 (2e 2 )/h, where e is the charge of the electron and h is Planck's constant. In the case of the junction with t = 0.3 nm, we have experimentally found T K ≈ 20 K. For the junctions with t = 0.7 nm, we assume a Kondo temperature of the same order:
Following Takahashi and Maekawa, 14 in the cotunneling regime (k B T E c ), σ E = σ cot , where
where R T is the tunnel resistance between one electrode and the clusters and E c is the charging energy. In the high-temperature limit (k B T E c ), the sequential tunneling dominates and σ E = σ seq , where
Considering a gradual change from sequential tunneling to cotunneling, we can write for any temperature
We can evaluate R T by using Eq. (5). At very high temperature, σ ≈ σ seq = (2R T ) −1 . In this limit, the resistance of the 0.7 nm CoPt junctions is ≈8 k : Figure 3(b) gives its evolution below 30 K. Thus, for these junctions, R T ≈ 4 k .
Next, we write E c = e 2 /(2C), where C the capacitance of the clusters, which depends on their shape. To simplify, we will model the clusters as isolated spheres having the volume that we have experimentally determined. In that case, C is given by C = 4π 0 r eff = 4π 0 3 3 4
V π
. Here 0 is the vacuum permittivity, is the relative permittivity of the insulating barrier, r eff is the effective radius of the sphere, and V is the volume of the clusters. For Al 2 O 3 , = 8. 38 As shown in Fig. 1(b) , the volume for the t = 0.7 nm CoPt clusters is V ≈ 15 nm 3 . These values give a capacitance for the t = 0.7 nm junctions of C ≈ 1.4 aF. The effect of the electrodes on the capacitance could also be considered, but this is just a small correction. 38 These equations show that the transition from Kondo to cotunneling can be gradual even for no dispersion in cluster size, as we found in the CoPt junctions with t = 0.7 nm. The value of σ 0 depends on the site occupancy n d . Both n d and T K are functions of the temperature-which produces a broadening of the energy levels-and also of the difference of energies between the Fermi energy of the leads and the first localized level in the cluster below, which is a function of the size of the clusters. Thus, σ 0 is correlated with the Kondo temperature T K through this size dependence: the higher T K , the smaller the value of σ 0 . 37 Obviously if σ 0 = 0, then σ = σ E . On the other hand, if it takes its maximum possible value, σ 0 = (2e 2 )/h, we find σ ≈ σ 0 since σ 0 σ E for any temperature in between 2 and 300 K. σ approaches σ K or σ E as a function of the temperature. The relative contribution of σ K and σ E to σ is plotted in Fig. 5(b) for a broader span of temperatures. Note that the selected value of σ 0 is reasonable when we compare with the work of Goldhaber-Gordon et al., 37 who find in their system σ 0 0.1(2e 2 )/h if T K is in the span 10-20 K. We must emphasize that Eq. (2) is only valid for T ≈ T K . For clusters of larger volume, T K rapidly decreases but without any compensating rise in σ 0 , leading to an extinction of the Kondo effect. For a discussion of the size of clusters on T K in a tunneling experiment, see Ref. 39 .
B. Tunnel magnetoresistance
The total TMR is due to the contribution of the different conduction channels,
where TMR D is the direct tunneling, TMR E is the elastic tunneling through the clusters, and TMR K is the Kondo effect contribution. σ , a, and b come from Eq. (1). Let us neglect the direct tunneling that was previously done (a = 0 and b = 1) and assume a perfect suppression of the TMR when the Kondo effect arises, so that TMR K = 0. According to Takahashi and Maekawa, 14 the dependence of TMR E on temperature is due to the gradual change from sequential tunneling to cotunneling, and so the TMR is enhanced as T decreases,
seq . TMR cot and TMR seq are the TMR in the cotunneling and sequential tunneling regimes, respectively. Following the same authors, 3, 14 
where P is the polarization of the electrodes. We can assume P ≈ 0.4 for our FeCo electrodes, just as for Fe electrodes. 14 The evaluation of the TMR can be done by normalizing Eq. (7) by TMR seq . We will use the same values for the different parameters as in Sec. III A, where the gradual transition from cotunneling to the Kondo effect is shown in the conductivity. Figure 5 (c) shows the evolution of the TMR with temperature. When decreasing T , the TMR is enhanced a factor 2/(1 − P 2 ) from its value at high temperature (TMR/TMR seq ≈ 1) due to cotunneling effects. When further decreasing T , the TMR is gradually suppressed due to the Kondo effect. In the figure, we also plot the TMR assuming that there is no Kondo effect, i.e., σ K = 0, which helps us to fully appreciate how the suppression due to the Kondo effect takes place. The predicted gradual transition of the TMR happens in roughly the same range of temperatures that was found experimentally in the t = 0.7 nm junctions [compare Figs. 5(c) and 4(c)].
The model predicts the existence of a gradual transition even for a monodisperse cluster size distribution. The temperature window for the gradual transition given by the model could be even larger than that shown in Fig. 5 if we were to consider σ 0 > 10 −3 (2e 2 )/h. Obviously there is some dispersion on the size of the clusters, as shown in the inset of Fig. 1(b) , which will lead to a spread in the temperatures at which the crossover from cotunneling to Kondo will happen. However, the dispersion of the size of the clusters cannot explain the differences between the experimental results in DMTJs with CoPt clusters and CoFe since this is similar in both cases. 10 Thus, even if the size dispersion plays its role, we think the experimental behavior of the CoPt-based and CoFe-based junctions can be mainly explained within the framework of this theoretical model. The experimental differences between both types of junctions can be explained considering, for the same size of the clusters, different values of the Kondo contribution (σ 0 or T K ). Note that in this simple theoretical model, the magnetic anisotropy of the clusters is not taken into account and it can lead to a change in these parameters.
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IV. CONCLUSION
The transition between Kondo suppression and cotunneling enhancement of the TMR effects in DMTJs has been studied as a function of the nominal thickness of the discontinuous CoPt layer embedded in an AlO x barrier and the temperature. Previous work based on CoFe clusters found samples that displayed either one effect or the other. 10 However, in our Co 75 Pt 25 -based DMTJs, both effects have been found to coexist even in the same sample, for t = 0.7 nm, and we are able to tune between them by changing the temperature, as can be seen from the data in Fig. 3(e) . The transition temperature was far below the superparamagnetic blocking temperature of the CoPt. This means that (i) there is competition between the different conductance regimes, and their effects in the TMR change gradually with the nominal thickness of the discontinuous layer and the temperature; (ii) the transition is not correlated with the suppression of the fluctuations of the magnetic moment in the clusters as previously thought; 10 and (iii) we made a direct observation of the coexistence of a ferromagnetic phase and the Kondo effect. 16 In addition, another gradual transition between the Kondo suppression of the TMR and the TMR of the direct tunneling between electrodes was found as the nominal cluster layer thickness was made extremely small. This shows that the spin-flip-related reduction of the TMR in dusted tunnel junctions is due to the contribution of the Kondo effect. Again, during this transition the clusters were stable ferromagnets for all thicknesses at the low temperatures at which we measured.
Finally, we show that the rich behavior of the discontinuous high magnetic anisotropy DMTJs can be understood within the frame of Appelbaum's perturbation theory of conductance. 34, 35 Three different contributions to the total conductance are considered: direct tunneling, elastic conductance through the clusters without spin flips, and conductance through the clusters exhibiting the Kondo effect, i.e., spin flips. The model accounts well for the coexistence of the TMR enhancement and suppression in the same sample as a function of the temperature even if no dispersion of the size of the clusters is considered.
The main difference between CoFe and CoPt clusters is the larger spin-orbit coupling in the latter. As a result, there is a higher coercivity in the CoPt clusters which affects the magnetic switching. It also means that the spin is not a good quantum number when the electron is in the CoPt dot. However, the Kondo physics survives this perturbation. The role of the magnetic anisotropy in the Kondo effect is quite complex. Large spin anisotropy usually markedly decreases T K , inhibiting the Kondo effect. However, for small grains with planar anisotropy, which is the case for both the CoPt and CoFe clusters, the magnetic anisotropy can lead to an effective stronger anisotropic Kondo coupling. 39 The experimental differences between CoFe and CoPt clusters suggest that the higher magnetic anisotropy of the CoPt clusters helps to fulfill the theoretical assumptions of the model.
